
I 

il 

18- 
N65.135 233 

I .- 
ff 653 July65 

Particle Acceleration in C i s l u n a r  Space 

The r ecen t  discovery' of a characteristic red  

[377&* 
luminescence when e n s t a t i t e  achondrites are bombarded by 

- 
40 kev protons l ed  Kopal and Rackhamal3 t o  observe t h e  

moon i n  order t o  determine whether a similar  luminescence 

might be exc i ted  i n  lunar materials by s o l a r  wind 

bombardment. On . the  n igh t  of N o v .  1-2, 1963, Kopal and 

Rackham observed an enhanced red emission from t h e  

v i c i n i t y  of t he  crater Kepler. The durat ion of t h e  r e d  

glow w a s  of t h e  order of t e n  minutes o r  longer,  and 

it appeared t w i c e  wi th in  a two-hour period. No 

r e p e t i t i o n  of t h i s  phenomenon w a s  observed on t h e  

following n igh t  o r  a t  t h e  next lunation. 

Among the  circumstances which may be re l evan t  t o  

an explanation of t h i s  phenomenon are the  following : 

The enhanced emission book place within one day of f u l l  

moon. There had been a class 3 s o l a r  f l a r e  on 

October 28,  and two 

t h e  e a r t h  w a s  i n  a 

space. Cosmic ray  

class 1 f l a r e s  on November 1, and 

magnetically-disturbed region of 

neutron counts ind ica ted  t h a t  

recovery from a Forbush decrease w a s  t ak ing .p l ace  a t  
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' t h e  t i m e  of t he  luninescence. 

Kopal and Rackham2 noted t h a t  the  red glow from 

t h e  K e p l e r  region approximately doubled t h e  br ightness  

of t h e  lunar  surface there ,  so t h a t  t h e  amount of 

energy emitted i n  t h e  red w a s  approximately 10 4 ergs/cm 2 sec. 

They f u r t h e r  concluded2 that, s ince  the  h ighes t  luminescent 

e f f i c i ency  ( i n  the Bustee meteorite) had been found t o  
1 

be 20 per cent' ,  ,it w a s  l i k e l y  t h a t  t h e  incoming energy 

responsible  f o r  t h e  luminescence w a s  a t  l eas t  

5 x 10 4 erg/cm 2 sec. The other'  two e n s t a t i t e  achondrites 
i 

examined by Derham and Geakel had a luminous e f f i c i ency  

lower by a f a c t o r  of th ree ,  so it is  no t ' un l ike ly  t h a t  

Because 

; 
I !  
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the inc iden t  energy exceeded lo5 erg/cm 2 'sec. 

approximately t h e  same luminous e f f i c i ency  is  found 

during bombardment of t h e  meteorite powder by photons . 

of s e v e r a l  mev a s  by protons of 40 kev 4 , it  appears 

l i k e l y  t h a t  t h e  above conclusions are n o t - s e n s i t i v e  to 

t h e  energy of t h e  pk t ic les  bombarding t h e  lunar 

' surface.  

Kopal and Rackham2 have discussed a poss ib l e  

i n t e r p r e t a t i o n  t h a t  the above even t s . r e su l t ed  from 

bombardment of t h e  'lunar surface by an enhanced flow 
. . .  
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of solar plasma i n i t i a t e d  by the  preceding solar a c t i v i t y .  

They noted t h a t  t he  energy f lux required w a s  f i v e  orders  

of magnitude g r e a t e r  than t h a t  normally a v a i l a b l e  i n  

t h e  s o l a r  wind, which must be considered a d i f f i c u l t y .  

Kopa14 has suggested t h a t  an a l t e r n a t i v e  mechanism 

might be required i n  which the l u n a r  bombardment would 

involve p a r t i c l e s ,  of energy greater than those of t h e  

I 

I 
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. s o l a r  wind, which had been accelerated i n  the  preceding 
. .  

e .  
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class 3 f l a r e  and trapped by the  chaot ic  magnetic f i e l d  

' configurat ion then exis t ing i n  i n t e rp l ane ta ry  space. 

I t  is the  purpose of t he  present  communication t o  

suggest  a f u r t h e r  a l t e r n a t i v e .  
* .  
.. 

The region of i n t e rac t ion  between the  solar wind 

* *  and t h e  e a r t h ' s  magnetosphere is  very complex, b u t  t h e  ? .. . 

' following genera l  p i c t u r e  has emerged (see f o r  example 

Hines6) .  

s o l a r  wind compresses t h e  magnetosphere, b u t  t he  s o l a r  

I n  t h e  s o l a r  d i r ec t ion  the  pressure of the  

wind must then f l o w  around the magnetosphere,' so t h a t  
I 

i n  t h e  a n t i s o l a r  d i r e c t i o n  a long c a v i t y  i s  formed i n t o  

which t h e  terrestrial magnetic f i e l d  can expand. 

l a r g e  ene rge t i c  particle fluxes are observed near t h e  

magnetosphere boundary i n  the a n t i s o l a r  d i r e c t i o n ,  and 

Q u i t e  
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it has been suggested t h a t  the region of trapped r a d i a t i o n  

may extend t o  a d i s t ance  comparable t o  t h a t  of the 

moon'. A r ecen t  'analysis  of terrestrial magnetic' a c t i v i t y  

has  shown t h a t  t h e  genera l  l eve l  of a c t i v i t y  is s l i g h t l y  

changed for several days on e i t h e r  side of f u l l  moon, 

suggesting t h a t  t h e  a n t i s o l a r  magnetic c a v i t y  may 

extend t o  the lunar  distance'.  Since t h e  solar wind 

e x h i b i t s  supersonic f l o w  with respect t o  the  e a r t h ,  it 

is  necessary t h a t  a standing shock wave must be formed 

beyond t h e  magnetopause. 

f ields between t h e  shock f ron t  and t h e  magnetopause 

The highly turbulen t  magnetic 

. have been observed'. 

' It  seems t o  be t h e  case t h a t  wherever tu rbulen t  

' 

f l u i d  motions and chao t i c  magnetic f i e l d s  e x i s t  i n  

na ture ,  t h e  acce le ra t ion  of charged particles t o  energies  

much exceeding therm81 energies takes  place.  This is . 

i n f e r r e d  t o  be t h e  case i n  strong ex t r aga lac t i c  r ad io  

sources ,  i n  supernova remnants, i n  solar f lares ,  and i n  

the magnetosphere i tsel f .  One acce le ra t ion  mechanism 

which can be very e f f i c i e n t  i n  c e r t a i n  circumstances 

is the second-order acce lera t ion  of charged particles '  

t r ave r s ing  time-varying f luc tua t ions  i n  a magnetic 
-. 
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f i e l d  system'. 

acce le ra t ion  of p a r t i c l e s  i n  t h e  outer  p a r t  of the  

magnetosphere which a r e  then dumped d i r e c t l y  i n t o  t h e  

This is probably responsible  f o r  t h e  

atmosphere t o  produce auroras .  The process w i & l  be 

enhanced a t  t i m e s  of grea te r  magnetic a c t i v i t y  when 

t h e  s o l a r  wind is  exer t ing  varying pressure  on t h e  

magnetopause. 

It i s  a logical extension of these considerations 

to expect t h a t  extensive p a r t i c l e  acce lera t ion  w i l l  take 

p lace  i n  t h e  shock zone beyond the  magnetopause. 

p a r t i c l e s  thus accelerated w i l l  be discharged down the  

The 

. magnetic f i e l d  l i n e s  i n  the a n t i s o l a r  d i r ec t ion .  By 

analogy with t h e  aurora l  discharges,  it is  poss ib le  

t h a t  the p a r t i c l e  beams i n  the  a n t i s o l a r  d i r ec t ion  may 

ca r ry  an energy f l u  l a rge  compared t o  t h a t  i n  t he  s o l a r  

wind. However, s ince  t h e  energy going i n t o  the  charged 

p a r t i c l e  beams must be derived from t h a t  of the  s o l a r  

wind, it is evident  t h a t  such p a r t i c l e  streams w i l l  be 

i s o l a t e d  i n  local, regions of space, and t h a t  t h e  

in t eg ra t ed  energy f l u x  of plasma and p a r t i c l e s  together  

cannot exceed t h e ' i n i t i a l  energy f ' l u  of the  plasma I f l a w .  

. %e luminescence near the  crater Kepler observed 
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by Kopal and Rackham may have been produced by these  

energe t ic  particle streams. I t  may a l s o  have been 

produced by trapped r a d i a t i o n  i n  t h e  d i s t a n t  t a i l  of 

t h e  magnetosphere. Many more observations w i l l  be 

needed t o  eva lua te  t h e  p l a u s i b i l i t y  of these two 

p o s s i b i l i t i e s .  

be expected t o  occur p r inc ipa l ly  a t  t i m e s  near f u l l  

I n  e i t h e r  case such luminescence can 

- moon and during unusually la rge  magnetic a c t i v i t y  on 

the ea r th .  Because of t h e  local ized nature  of t h e  

inc iden t  particle streams, lunar luminescence exc i ted  
. $  

i n  th i s  way is  l i k e l y  t o  be observed only i n  s m a l l  

I 
regions of the moon a t  any one t i m e  and t o  exh ib i t  

v a r i a t i o n s  wi th  periods of a few minutes. , 

Because of the complex character  of t h e  phenomena 
. .  

suggested here ,  it is  not  possible  t o  suggest t h e  range 

of energies  to ,which particles are l i k e l y  t o  be 

acce lera ted  i n  the shock zone, and hence it is not  clear 

whether such particle streams w i l l  c o n s t i t u t e  a 

, .  
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- -  r a d i a t i o n  h a z a r d . t o  a manned lunar  landing or  t o  manned .-. 
s p a c e f l i g h t  i n  t h e  gnti 'solar d i r ec t ion .  

I wish t o  thank D r .  Z .  Kopal f o r  a s t imulat ing ' -  

d i scuss ion .o f  h i s  observations. 

A.G.W. Cameron 
f 

oddard I n s t i t u t e  for Space Studies ,  
Nat ional  Aeronautics and Space Administration, 
New Y o r k ,  N.Y. 
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